Introduction
Overweight and obesity in adulthood are associated with multiple co-morbidities, most notably type 2 diabetes, cardiovascular disease, and a number of cancers.
1-2 Dramatic rises in childhood obesity prevalence over the last 30 years 3 have brought increasing attention to the potential long-term health consequences of childhood obesity. However, our understanding of the associations of childhood obesity with long-term health is incomplete. In particular, due to the tracking of adiposity from childhood into later life, 4 it remains unclear whether childhood obesity has an effect on adult health that is independent of adult weight status. Previous reviews have examined the relationship between childhood obesity and morbidity in adulthood, 5 but have not considered whether the effects of childhood adiposity are independent of adult overweight.
The objective of this review was to systematically evaluate the current evidence on the contribution of childhood body mass index (BMI) to adult disease risk, independent of adult BMI. We paid particular attention to the methods used to assess these independent effects, and considered the strengths and limitations of these approaches.
Methods
We reviewed published studies investigating the associations between childhood BMI status and morbidity and mortality in adulthood, focusing on the methods used to assess independent associations. The outcomes of interest (type 2 diabetes, hypertension, coronary heart disease and stroke, asthma, osteoarthritis, gall bladder disease, cancers, and mortality) were selected based on previous reviews of the literature. 6 Ovid MEDLINE (1948-May 2011), EMBASE (1980 ) and the Cochrane Library (1990-2011) were searched electronically for relevant publications. Reference lists from selected articles were hand-searched for additional studies.
Search terms used in MEDLINE were: 1. exp Child/ 2. exp Adolescent/ 3. juvenile 4. exp Infant/ 5. child$ 6. adolescen$ 7. infan$ 8. teen$ 9. P?ediatric$ 10. Pediatrics/ 11. or/1-10. 12. obes$ or obesity 13. exp Obesity/ 14. exp Overweight/ or exp Body Weight/ 15. BMI or body mass index or bodymass-index or weight-for-height 16 Table S1 .
Of the 39 included studies, ten reported on type 2 diabetes, five on hypertension, 15 on coronary heart disease (CHD), eight on stroke, two on asthma, three on cancers, two on colon cancer, one on kidney cancer, four on breast cancer, one on cervical cancer, one on ovarian cancer, and six on all-cause mortality. Associations between childhood BMI and adult disease outcomes are summarised by outcome in Table 2 .
Type 2 diabetes
There was consistent evidence that overweight in early life was associated with increased risk of type 2 diabetes in adulthood. Of 10 studies that analysed the relationship between BMI or BMI status in childhood (ages 0-18 years) and type 2 diabetes in adulthood, 9 reported a positive association (n ranged from 822 17 to 37,674 16 ). Odds ratios for one unit increase in BMI-SDS ranged from 1.22 (95% CI 1.10 to 1.36) at school entry (n 5,793), 18 to 2.04 (1.7 to 2.4) at age 16 (n 10,683). 19 One US study (n 181) found no evidence of an association between overweight at age 13-18 and diabetes at age 73.
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When six studies using objectively assessed type 2 diabetes [16] [17] [20] [21] [22] [23] were considered separately from those using self-reported data, all showed that increased BMI or overweight were associated with increased risk of type 2 diabetes in adulthood.
Three of the studies examined the effects of childhood obesity independent of adult BMI by adjusting for adult BMI in regression analyses. In a British cohort, associations between BMI-SDS in childhood and adolescence and self-reported type 2 diabetes at age 41 were attenuated to the null after adjustment for BMI at age 23 (n 10,683). 19 For example, the odds ratio for one unit increase in BMI-SDS at age 11 was reduced from 1.78 (95% CI 1.5 to 2.1) to 1.06 (0.8 to 1.3). Similarly, in a study of BMI z-score at primary school entry and self-reported diabetes at age 46-50, OR per BMI-SDS at school entry decreased from 1.22 (95% CI 1.10 to 1.36) to 1.07 (0.96 to 1.19) after adjustment for adult BMI (n 5,793). 18 The same effect was observed in an Israeli study; the HR for incident diabetes in adulthood was reduced from 2.76 (95% CI 2.12 to 3.58) to 1.01 (0.75 to 1.4) after the inclusion of BMI in adulthood in the regression model (n 37,674). 16 
Hypertension
Five studies reported on hypertension (n from 286  24 to 18,513   15 ); all used an objective measure of hypertension as the outcome, and showed that increased BMI or overweight in early life (ages 1-19) was associated with increased risk of hypertension in adulthood (18-45 years). Odds ratios for obesity in childhood ranged from 1.35 (95% CI 1.13 to 1. 64) 25 at age 7 to 3.75 (3.45 to 4.07) at age 16-19 y.
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Two of the five studies reported findings adjusted for adult BMI. In one study, individuals who had been overweight at age 8-15 years had five times the risk of hypertension in early adulthood compared to those who were normal weight (OR 5.1, 95% CI 1.4, 18.1); after adjustment for BMI at age 18-26, the effect size remained the same, but the confidence interval was wider and included OR=1. 24 In the other study, associations between BMI-SDS at ages 7, 11, and 16 and clinically assessed hypertension at age 45 were no longer observed after controlling for BMI at age 45 years. 25 Coronary heart disease 15 studies explored the relationship between BMI in childhood and objective measures of CHD events. Of these, 10 studies (n ranged from 2,990 26 to 1,145,467
12
) reported that increased BMI or overweight at ages 2-25 years was associated with increased risk of CHD in later life; half of these studies were in male study populations.
12, 16, 27-29 Hazard ratios ranged from 1.53 for CHD mortality associated with high BMI at age 11 28 to 5.43 (95% CI 2.77 to 10.62) for incident CHD associated with high BMI at age 17. 16 In one US study (n 181), higher BMI at ages 13-18 was associated with increased risk of CHD morbidity and mortality in males but not females. 11 The remaining studies found no association between BMI at age 2-22 years and CHD.
Two of the studies of CHD looked at the independent effect of childhood obesity. In one study (n 37,674), the hazard ratio for incident CHD at age 25-45 for men with BMI in the top decile at age 17 (compared to the bottom decile) increased from 5.43 (95% CI 2.77 to 10.62) to 6.85 (3.3 to 14.2) after adjustment for BMI in adulthood. 16 Another study (n 181), which reported an association between overweight in adolescence and CHD mortality among men, found that this association was attenuated to the null after adjustment for adult BMI. 11 
Stroke
Of the 8 studies that reported on objectively measured stroke outcomes, two Swedish studies (n 46,156 29 and 1,145,467 12 ) showed that overweight in late adolescence (ages 16-25) was associated with increased risk of stroke at ages 39-55. HRs ranged from 1.4 (95% CI 1.3 to 1.5) for overweight to 3.2 (2.4 to 4.3) for very obese children. A Norwegian study (n 226,678) reported an association between high BMI at age 14-19 and stroke mortality in males (RR 1.9, 95% CI 1.2 to 3.2) at ages up to 62 years 30 ; a further study (n 181) observed this association in males. 11 One Finnish study (n 12,439) reported an inverse relationship. 31 Three British studies (n 2,990 26 to 14,561
32
) found no evidence of an association between childhood BMI and stroke.
One small study (n 181), which reported an association between overweight in adolescence and stroke mortality, found that adjusting for adult BMI attenuated this effect to the null. 11 
Asthma
Two studies focused on self-reported asthma as an outcome. One Australian study (n 753) showed that overweight at age 7 was associated with OR 3.1 (95% CI 1.3 to 7.3) for adult-onset asthma in women.
14 Analysis of a British cohort (n 6,420) found no association between overweight at age 10 and asthma at age 26. 33 In the Australian study, the odds ratio was attenuated from 3.1 to 2.13 after adjustment for BMI in adulthood, and the 95% confidence interval included OR=1 (0.82 to 5.57).
14 Cancer Three studies reported on cancers from registry data; one study (n 2,347) showed that cohort members with BMI-SDS in the highest quartile at age 2-14 years had a 40% increase in risk of cancer. 34 In a Norwegian cohort, very high BMI at age 14-19 was associated with a 20% increase in risk of cancer mortality among women only. 30 Analysis of data from 78,612 Dutch men showed no association between BMI at age 18 and cancer mortality at ages 18-49.
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Colorectal cancer mortality was associated with adolescent BMI (ages 13-19) in two studies (RR 2.1 to 9.1). 11, 30 In a Norwegian study (n 227, 221) high BMI at ages 14-19 was associated with kidney cancer among men (RR 2.6, 95% CI 1.5 to 4.7). 35 Of four publications that looked at breast cancer outcomes from registry data, one study of 117,415 Danish women showed that increased BMI at age 14 years was associated with a reduction in risk of breast cancer in adulthood (RR 0.97, 95% CI 0.96 to 0.98). 36 A case-control study of >10,000 women reported that the risk of pre-menopausal cancer was lower among women who were obese at age 18 (RR 0.6, 0.2 to 0.9), but there was no association with post-menopausal cases. 9 The other studies found no evidence of an association. One study analysing cervical cancer mortality among Norwegian women showed that very high BMI at ages 14-19 was associated with RR 1.9, 95% CI 1.1 to 3.2, 30 while a study of ovarian cancer in 111,883 women showed that high BMI at ages 14-19 was associated with 43-56% increase in risk of ovarian tumour. 37 Two studies of cancer outcomes examined the independent effect of childhood BMI. The US study which showed that adolescent overweight was associated with colorectal cancer mortality reported wide confidence intervals for the hazard ratio (n 181), which included HR=1 after adjustment for adult BMI. 11 The case-control study of breast cancer 9 showed that women who were overweight at age 18, regardless of weight status in adulthood, did not have any difference in risk of pre-or postmenopausal breast cancer compared to those who were not overweight at age 18 or adulthood.
All-cause mortality
Six of the included studies reported on the relationship between BMI status in early life and all-cause mortality. Two studies from Norway (n 226, 678 30 and 227,003 38 ), one from Sweden (n 45,884 men), 39 one from the US (n 13,146), 40 and another from Britain (n 2,990) 26 showed that high BMI at ages 2-19 was associated with 40-60% increase in risk of all-cause mortality in adulthood.
In a small US cohort (n 181), an association was observed among men but not women 11 ; when this estimated was adjusted for adult BMI, there was no longer any strong evidence for an association.
Discussion
This review has shown that there is a consistent body of evidence for associations between childhood overweight, unadjusted for adult BMI, and cardiovascular outcomes and mortality in adulthood. However, few studies have assessed the independent effects of childhood overweight on adult disease, and the results of these have been inconclusive.
The finding that childhood overweight is associated with type 2 diabetes, hypertension, coronary heart disease, and mortality, unadjusted for adult BMI, is in line with a recently updated systematic review of overweight in childhood and mortality and adult morbidity.
5 Evidence for stroke outcomes is mixed. A systematic review which explored the relationship between childhood obesity and asthma in adolescence concluded that obesity precedes, and is associated with, asthma 41 ; however, based on the two studies included in this review, there is no strong evidence for an effect of childhood BMI on adult-onset asthma. There is limited evidence that childhood BMI is associated with increased risk of colorectal and kidney cancers. Three of four studies found no association between overweight in youth and breast cancer; one study showed that higher BMI in adolescence was associated with reduced risk of breast cancer, 36 as has been observed in studies using BMI from recalled height and weight in adolescence. [42] [43] High BMI in adolescence may be associated with cervical and ovarian cancers; however pooled analysis of data from six cohorts with recalled weight at age 18 or 20 found no association between BMI in early adulthood and ovarian cancer risk. 44 Inspection of a funnel-plot using effect sizes unadjusted for adult BMI revealed asymmetry, indicating the possible presence of publication bias.
This study has expanded on previous reviews 5 by assessing the evidence for the effects of childhood overweight on adult disease, independent of adult BMI. A handful of studies have attempted to examine these independent effects by using standard adjustment for BMI or overweight in adulthood; most of these have shown that effect sizes were attenuated after adjustment. The results of these analyses are generally interpreted as evidence that unadjusted associations between childhood overweight and adult disease risk can be accounted for by adult BMI, and that childhood BMI has no underlying effect on disease risk. However, adjusting for adult BMI in this way has methodological limitations. One problem is that adult BMI is likely to be on the causal path from childhood BMI to later disease; adjustment for adult BMI is likely to introduce overadjustment biases, which tend to pull effect estimates towards the null. 45 An effect called the 'reversal paradox' has been described in the literature, in which adjustment for variables on the causal pathway lead to artifactual associations between exposures and outcomes. [46] [47] Using simulations, Tu et al, 47 showed that a genuine positive association between birth weight and adult blood pressure could be attenuated after adjusting for current weight, and could even be reversed if correlations between variables were increased. Given the correlation between BMI in early and later life, particularly in those studies with closely spaced measurements, these effects are likely to be relevant to the study of childhood overweight and adult disease. Another issue with standard adjustment lies in the interpretation of results [48] [49] ; adjustment for adult BMI controls for adult body size, but also effectively adjusts for change in relative size between measurements, therefore this approach does not elucidate whether it is early life BMI or BMI gain which is associated with the outcome. 49 It is therefore difficult to conclude that childhood overweight has long-term effects on health based on the results of standard analyses.
A limitation of this review is that most of the included studies were conducted in Western Europe and North America, limiting the generalisability of our findings. Expansion of the search to include nonEnglish language publications may have yielded studies from different settings. A wider limitation concerns the generalisability of evidence from cohorts which observe children who were living several decades ago. Contemporary child populations are experiencing more extreme obesity, 50 and children are becoming obese at younger ages than in previous generations. 51 The effects of these characteristics of the obesity epidemic on long-term health cannot reliably be ascertained from studies of older cohorts, who are likely to have different characteristics and environments. Still, studying cohorts with long-term follow-up offers an expedient way of empirically assessing the long-term outcomes of childhood exposures. The findings of such studies are informative where we can reasonably assume that pathways to disease will not change dramatically across generations.
Given the high and rising prevalence of childhood overweight in all parts of the world, it is important to know whether childhood obesity has long-term effects on health. This review was unable to confirm the presence of long term health effects of childhood obesity, acting independently of its effects on adult BMI. It is conceivable that such effects exist but could not be detected in these studies due to limitations in statistical analysis and study design. The limitations in statistical analysis attributable to standard adjustments for adult BMI (explained above) could partially be addressed by more sophisticated statistical techniques (e.g. structural equation modelling 52 and multilevel modelling 53 ) or alternative approaches to analyses developed specifically for use in life-course analyses (e.g.by analysis of different combinations of overweight over the life course [54] [55] ). However, given the high levels of correlatedness inherent in life-course data within cohort designs, more robust experimental designs may prove necessary to provide convincing evidence. True randomized trials may not be feasible because of a current lack of effective weight loss interventions and the need for long term follow up, but other pragmatic study designs (e.g. natural experiments, mendelian randomization) may be informative in the meantime. If it was found that childhood obesity had a direct effect on long term health, this would place a strong imperative on prevention and early treatment in childhood.
If on the other hand, more robust evidence failed to substantiate an independent effect of childhood obesity on adult health, this could indicate that the observed association is mediated entirely through adult obesity, or alternatively, that both childhood obesity and adult disease are shared consequences of risk factors operating from early life. There is evidence to suggest that certain patterns of growth, particularly the combination of small size at birth and catch-up growth in later life, are associated with changes in body composition (increased adiposity and reduced lean mass [56] [57] [58] , and increased disease risk in later life. [59] [60] [61] Prenatal and postnatal exposures which manifest as growth patterns in early life may therefore be linked to structural and functional changes which program future disease risk. 59 Childhood obesity, measured using a summary measure such as BMI at a single stage of development, reflects only one aspect of body size, and in isolation does not capture the dynamic processes of growth over the life course which may have important implications for long-term health. Studies of childhood obesity and long-term health must be interpreted in light of these considerations.
At first glance, a lack of evidence for independent effects of childhood obesity might suggest that treating obesity in adulthood would be sufficient for reducing the excess health risk associated with it. However, given the intractable nature of established obesity and the emerging evidence on the potential biological and early developmental bases underlying this, promotion of healthy weight and the prevention of weight accumulation at all stages of the life-course is likely to prove the most effective option for individuals and from a policy perspective. 
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Table and figure legends
Figure 1: Flow diagram of study selection process, from initial search to included studies Table 1 : Description of included studies, detailing the main exposures, outcomes, ages at measurement and main findings of each study included in the review Table 2 : Summary of included studies, detailing the available evidence for each disease outcome 11 : association in men only 1 study: adjustment for adult BMI  no association + indicates positive association between BMI/weight status and disease;  indicates negative association; ? indicates no association; ♂=male; ♀=female; n/a=not available
